Co 3 O 4 is a promising catalyst for removing CO from H 2 streams via the preferential CO oxidation (PROX). A Mars-van-Krevelen redox mechanism is often suggested but a detailed knowledge especially of the oxidation state of the catalytically active surface under reaction conditions is typically missing. We have thus utilized operando X-ray absorption spectroscopy to examine structure and oxidation state during PROX, and near atmospheric pressure-XPS at low photoelectron kinetic energies and thus high surface sensitivity to monitor surface composition changes. The rather easy surface reduction in pure CO (starting already at $100°C) and the easy reoxidation by O 2 suggest that molecularly adsorbed CO reacts with lattice oxygen, which is replenished by gas phase O 2 . Nevertheless, the steady state concentration of oxygen vacancies under reaction conditions is too low even for XPS detection so that both the bulk and surface of Co 3 O 4 appear fully oxidized during PROX. Furthermore, the effect of adding CeO 2 (a less active material) to Co 3 O 4 was studied. Promotion of Co 3 O 4 with 10 wt% CeO 2 increases the reduction temperatures in CO and H 2 and enhances the PROX activity. Since CeO 2 is a less active material, this can only be explained by a higher activity of the Co-O-Ce interface.
Introduction
The hydrogen-fueled proton exchange membrane fuel cell (PEMFC) is an attractive pollution-free power source for portable and stationary applications, but it requires hydrogen of high purity. The current hydrogen production is mainly based on methane steam reforming, oil/naphtha reforming, and coal gasification to syngas (CO + H 2 ), followed by the water-gas shift reaction (WGSR) (i.e., CO + H 2 O ? CO 2 + H 2 ), and separation processes [1] [2] [3] . However, even after these processes the hydrogen produced still contains CO traces, typically 1-100 ppm, which bind strongly to the Pt/C anode and reduce the number of Pt surface sites available for H 2 adsorption/dissociation and oxidation, thus lowering the overall efficiency of PEMFC [4] . For long-term PEMFC operation, a very deep purification of hydrogen for obtaining CO-free H 2 is thus crucial. Purification of H 2 can be achieved through Pd membrane separation, catalytic methanation (i.e., CO + 3H 2 ? CH 4 + H 2 O) or preferential oxidation of CO (PROX) (2) [5, 6] .
During catalytic methanation there is an apparent loss of H 2 which can be avoided for PROX, provided this reaction runs selective. However, the competitive adsorption of CO and H 2 on the catalyst surface and similar enthalpies of CO oxidation (2) and H 2 oxidation (3) facilitate their parallel occurrence: CO þ 0:5O 2 ! CO 2 DH 298 ¼ À283kJ=mol ð2Þ
requirements. In recent years, due to their price and limited availability, increasing attention has been directed toward non-noblemetal alternatives, such as transition metal oxides. Especially copper-based and cobalt-based catalysts show potential for PROX [7] [8] [9] [10] [11] [12] [13] [14] [15] . While copper-based PROX catalysts exhibit high activity even at low temperature, they operate in a rather narrow temperature window (50-160°C) and show limited stability at higher temperatures [16] [17] [18] . In contrast, cobalt-based catalysts operate in a wider temperature window, offering a higher stability with regard to hot spots induced by the exothermicity of both CO oxidation and H 2 oxidation. However, the onset temperature of CO oxidation of current catalysts needs to be lowered, and the ideal catalyst should start working already at room temperature (RT) and have high activity and selectivity around 80-100°C. Thus, research has been directed toward the improvement of the catalytic performance of cobalt oxide catalysts via addition of other reducible metal oxides (e.g., MnO 2 , CeO 2 ) [14, 15, [19] [20] [21] . Nevertheless, the improvement of effective cobalt-based catalysts requires a fundamental understanding of the active catalyst.
Previous studies of PROX on cobalt-based catalysts have demonstrated that the oxidation state of cobalt is the most important factor. For example, a study of the active cobalt species using substituted cobalt spinel oxides, such as Zn x Co 3Àx O 4 (x = 0-1), Al x Co 3Àx O 4 (x = 0-2.5), and Fe x Co 3Àx O 4 (x = 0-2.5), has shown that octahedrally coordinated Co 3+ surface ions are crucial for high oxidation activity and selectivity in the presence of H 2 [22] . However, another investigation of PROX over Co 3 O 4 and CoO has demonstrated that CoO shows higher activity than Co 3 O 4 , while the metallic Co phase induces methane formation, resulting in a decrease of selectivity [11] . Thus, the current understanding of PROX over cobalt-based catalysts remains ambiguous with contradicting results concerning the role of Co 2+ and Co
3+
. This is due to the fact that the investigations of PROX on cobalt-based catalysts were mostly based on ex situ analyses of the catalysts. A recent in situ X-ray absorption (XAS) study of Gewade et al. on Co 3 O 4 -CeO 2 catalyst has revealed that the catalyst (bulk) is Co 3 O 4 under the reducing PROX reaction environment at 175°C when CO oxidation is dominant [14] . But it is still unclear whether the surface is also composed of Co 3 O 4 or is partially reduced. Furthermore, the structure of ceria is unknown.
As outlined, the correlation between the cobalt (surface) oxidation state and its catalytic activity is an important topic of cobalt oxide PROX catalysis. This encompasses also fundamental questions of how Co 3 O 4 undergoes reduction in (pure) H 2 or CO atmospheres and how to preserve the ideal cobalt oxide over a wide temperature range, thereby preventing reduction to metallic cobalt e.g. on hot spots, which promotes side reactions. Several studies have already been performed to obtain an understanding of Co 3 O 4 reduction in H 2 that include primary structural investigations by in situ X-ray diffraction (XRD), in situ environmental electron microscopy, and temperature programmed reduction (TPR) [23] [24] [25] [26] . In contrast to H 2 reduction, Co 3 O 4 reduction in CO atmosphere has been much less investigated and very little is known on a fundamental level [27] .
In this study, we aimed to improve the understanding of PROX over cobalt oxide catalysts by applying in situ (operando) methodology, in particular to shed light on the correlation of the surface and bulk oxidation state with the specific activity/selectivity [28] [29] [30] . While the Mars van Krevelen mechanism is widely accepted for CO oxidation on Co 3 O 4 , the oxidation state and structure of the catalyst under PROX conditions and whether (surface) reduction of Co 3 O 4 by CO or reoxidation by O 2 proceeds faster is unknown. This applies particularly for the surface. Thus, we combined advanced operando methods, i.e. in situ XAS at the Co K edge to reveal bulk structural changes, whereas for surface composition changes (information depth around 0.5 nm) in situ near atmospheric pressure X-ray photoelectron spectroscopy (NAP-XPS) was applied. One should be aware, however, that due to different cell designs the different operando studies may still show differences (for details see Section 3.6). Along these lines, cobalt oxide reduction in H 2 or CO was also examined, because none of the previous studies examined, for the same material, the oxidation state in H 2 , CO, and in the PROX reaction mixture. We also investigated the promotional role of CeO 2 on the improvement of Co 3 O 4 reactivity.
Experimental

Catalyst synthesis
Co 3 O 4 was used as received from Fluka (purity 99.5%). CeO 2 -Co 3 O 4 with 10 wt% CeO 2 loading was prepared via wet impregnation of Co 3 O 4 . In a typical synthesis, 0.504 mg of Ce(NO 3 ) 3 Á6H 2 O was dissolved in 7 mL of distilled water, added to 1.8 g of Co 3 O 4 , and stirred overnight. After that, the catalyst was dried at 110°C for 3 h and further calcined at 400°C for 2 h.
CeO 2 powder catalyst has been prepared via surfactant-assisted precipitation method. In a typical synthesis, 6 mmol of surfactant Pluronic F-127 (Sigma-Aldrich, used as received) was dissolved in 200 mL distilled water at room temperature and 10 mmol of Ce (NO 3 ) 3 Á6H 2 O was added to it. After that, an aqueous solution of NaOH (0.3 mol L À1 ) was added to the solution under vigorous stirring until pH 10 was reached. Then the obtained mixture was aged at 90°C for 3 h. The precipitate was filtered, washed 3 times with deionized water, and dried at 110°C for 12 h. Afterward, the powder was calcined at 500°C for 4 h. Absence of impurities like sodium (in surface(near) regions) in both materials was confirmed by overview XPS spectra.
Basic characterization of the materials was done by N 2 physisorption, X-ray powder diffraction (XRD) and high resolution transmission electron microscopy (HRTEM). Experimental details are provided as supplementary material.
Temperature programmed reduction (CO-TPR, H 2 -TPR)
CO-temperature programmed reduction (CO-TPR) and H 2 -temperature programmed reduction (H 2 -TPR) experiments on catalysts (ca. 20 mg) were performed in a continuous-flow fixed-bed quartz reactor under atmospheric pressure. Before each experiment, the catalysts were pretreated with synthetic air (50 mL min À1 ) at 400°C for 30 min (heating rate 10°C min
À1
) to remove contaminants. The samples were then cooled to 30°C under a flow of synthetic air and purged with helium for 5-10 min. For CO-TPR and H 2 -TPR, the pretreated samples were exposed either to a mixture of 5 vol.% CO and 95 vol.% He (CO-TPR) at RT or to 5 vol.% H 2 or 50 vol.% H 2 in He (H 2 -TPR). The total flow was always adjusted to 50 mL min
. Then, the system was heated to 700°C with a heating rate of 10°C min À1 . The gas stream was analyzed by an online quadrupole mass spectrometer (Prisma Plus QMG 220, Pfeiffer Vacuum) equipped with a Faraday detector. 
Catalytic preferential CO oxidation
Operando XAS
Operando X-ray absorption spectroscopy studies at the Co K edge (7709 eV) were carried out in transmission geometry at the I811 beamline at the MAX-lab synchrotron radiation source, Lund University, Sweden, in a reaction cell supplied by MAX-lab II [31] . The flow cell is very similar to the continuous-flow fixed-bed laboratory quartz reactor used in the laboratory for our catalytic experiments. It consists of a heatable stainless steel holder, a plate with a window mounted onto the holder, the reaction cell compartment, and another plate with a window on top. The holder provides the heating plates and a thermocouple. Al foil with a thickness of 15 lm was used as window. Co metal foil was used for energy calibration. Higher harmonics were rejected using a double crystal monochromator detuned by À50% of the maximum Bragg intensity. Typically, ca. 2.5 mg of the catalyst diluted with 10 mg of BN was loaded into the cell and pretreated in 20 vol.% O 2 in He at 400°C for 30 min. The sample was then cooled to RT and purged with He at RT for 15 min, before the PROX reaction mixture of 1 vol.% CO, 1 vol.% O 2 , 50 vol.% H 2 and 48 vol.% He was introduced. XAS spectra were recorded at RT and during subsequent heating to 350°C. The gas stream outlet was controlled by an MKS mass spectrometer equipped with a SEM detector. In addition to PROX, CO-temperature programmed reduction (5 vol.% CO in He) followed by O 2 -temperature programmed oxidation (20 vol .% O 2 in He) and H 2 -temperature programmed reduction (50 vol.% H 2 in He) experiments were performed. All experiments were carried out at ambient pressure with a total flow of 50 mL min
À1
. The duration of each Co K edge XAS scan was 5 min. Details on data analysis are provided as supplementary material.
Operando NAP-XPS
Operando near atmospheric pressure X-ray photoelectron spectroscopy was performed at the ISISS beamline at the synchrotron radiation facility BESSY II of the Helmholtz-Zentrum Berlin, Germany. The setup consists of a reaction cell attached to a set of differentially pumped electrostatic lenses and a separately pumped analyzer (Phoibos 150 Plus, SPECS GmbH), as described elsewhere [32] . Typically, the powder sample (ca. 30 mg) was pressed into a Tantalum grid (to minimize potential charging effects) together with a K-type thermocouple, fixed to a sapphire sample holder and mounted inside the XPS reaction cell in front of the first aperture of the differentially pumped electrostatic lens system. The heating of the samples was done from the back using an infrared laser. Before the experiments, the sample was pretreated in the XPS reaction cell by oxidation (0.5 mbar O 2 at 400°C) until all residual surface carbon and carbonates disappeared. After cooling the sample to RT, either CO (0.15 mbar), H 2 (0.4 mbar) or the CO + O 2 + H 2 PROX mixture (1/1/12 ratio at 0.5 mbar) was introduced with the partial pressure of the gasses controlled by calibrated mass flow controllers, and photoemission spectra were recorded. Then, the sample was heated to 100, 150, 200, 250 and 300°C with a heating rate of 5°C min À1 , and photoemission spectra were acquired at these temperatures. To ensure surface specificity, the Co 2p, Ce 3d, and C 1s core-level regions were recorded using selected photon energies that resulted in photoelectrons with 200 eV kinetic energy and a 0.6 nm inelastic mean free path for cobalt. The gas phase composition was monitored on-line by an electron impact Quadrupole mass spectrometer and multichannel gas chromatograph, which were connected to the XPS cell via a gas dosing valve. Details on data analysis are described in the supplementary material. 
PROX activity of Co 3 O 4
To examine PROX reaction profiles, temperature programmed reaction experiments were performed over Co 3 O 4 catalyst (Fig. 2a) . Following the concentration of the educts (CO, O 2 ) and products (CO 2 , H 2 O, CH 4 ), three temperature windows were identified. On Co 3 O 4 , CO oxidation is the dominant reaction from 50 to 175°C, with only negligible amounts of H 2 O being produced above 100°C (Fig. 2a) . Above 175°C the concentration of CO and H 2 O increased, while that of CO 2 decreased. At 230°C methane formation started and water production strongly increased. The H 2 O peak at 260°C is due to reduction of Co 3 O 4 (see below).
To better understand the temperature-dependence of the PROX reaction profile, the corresponding individual reactions were examined as well. This holds for reactions of the educts (CO oxidation (I), H 2 oxidation (II), CO hydrogenation (III)), as well as for reactions of products with reactants (CO 2 hydrogenation (IV), H 2 O + CO (water gas shift reaction) (V)).
CO oxidation (I) starts around 75°C and reaches a maximum at 150°C, when 100% conversion is reached. For H 2 oxidation (II), a similar pattern is observed with the water peak at 260°C being due to Co 3 O 4 reduction (Fig. S4 ). For CO hydrogenation (III), methanation was observed above 225°C with the water again peaking at 255°C due to Co 3 O 4 reduction. For CO 2 hydrogenation (IVa; Sabatier reaction), formation of CH 4 and H 2 O was observed above 220°C when the CO 2 concentration strongly decreases, whereas there was no activity for reverse water gas shift reaction (IVb; RWGS). However, the Sabatier reaction runs via CO. It might be that CO that is formed via RWGS immediately undergoes CO methanation, because CO methanation on Co 3 O 4 starts in the same temperature range at around 225-230°C (III). Note that the water peak at around 255°C is not so pronounced because of the high concentration of water that is formed. For CO + H 2 O (water gas shift reaction) (V), it was observed that the conversion of CO to CO 2 starts only above 350°C. Apparently, the presence of water hinders Co 3 O 4 reduction by CO. Only a small peak of CO 2 was observed at around 250°C.
Based on these reactivity patterns one can conclude that CO oxidation dominates up to 175°C, between 175 and 230°C there is both CO oxidation and H 2 oxidation occurring, and above 230°C methane formation prevails. Secondary reactions of CO 2 with H 2 do not occur below 230°C, and above 230°C CO 2 and CO hydrogenation is identical (RWGS and CO methanation (II) may occur sequentially). The water gas shift does not take place below 350°C and is thus not relevant for CO 2 formation. In order to better understand the temperature-dependent changes in selectivity we have examined the reduction behavior of Co 3 O 4 in pure H 2 and pure CO. In both cases reaction with lattice oxygen creates oxygen vacancies (and water or CO 2 , respectively). We will start with H 2 -TPR because its behavior is somewhat simpler than that of reduction by CO. Under PROX conditions the oxygen vacancies will be replenished by gas phase oxygen but the oxidation state will depend on whether reduction or (re)oxidation dominates. Thus, the catalyst oxidation state during PROX was examined as well.
H 2 -temperature programmed reduction of Co 3 O 4 : in situ XAS and in situ NAP-XPS
The reducibility of Co 3 O 4 in H 2 was studied in a continuous-flow fixed-bed reactor with different concentrations of H 2 (5 and 50 vol. % H 2 ) to reveal the influence of H 2 concentration/pressure on the TPR profile (Fig. 3a) . This is crucial for comparison with operando experiments (e.g., XAS and XPS), which mimic experimental conditions but cannot be carried out in exactly the same reaction environment as in a continuous-flow fixed-bed reactor. For both H 2 concentrations, two rather broad peaks were observed that can be attributed to Co 3 O 4 ? CoO and CoO ? Co reduction (at lower and higher temperature, respectively). The absence of a larger, narrow TPR peak characteristic of the reduction of Co 3 O 4 to CoO on the low-temperature side suggests that in the present case the H 2 reduction of Co 3 O 4 is not a well-defined two-step reduction process consisting of two clearly separated steps (i.e., Co 3 [33] . Based on isothermal investigations, they concluded that CoO is thermodynamically unstable below 291°C. Therefore, Co 3 O 4 undergoes reduction ''di- rectly" to metallic cobalt. On the contrary, CoO is stable above 291°C; thus, Co 3 O 4 reduction becomes a two-step process.
The bulk electronic structure during H 2 reduction of Co 3 O 4 was studied by in situ XAS while heating from RT to 400°C in 50 vol.% H 2 in He. XANES spectra at the Co K edge, acquired during H 2 -TPR of Co 3 O 4 with Co foil as a reference, are shown in Fig. 3b . To quantify the extent of cobalt reduction, the H 2 -TPR XANES spectra were fitted with a linear combination of reference spectra (i.e., Co 3 O 4 , CoO, and Co), and the result is presented in Fig. 3c . Analysis of the XANES spectra reveals that the bulk structure of Co 3 O 4 remains intact up to 200°C in H 2 ; at 250°C reduction begins, and at 300°C formation of CoO and Co (in addition to Co 3 O 4 ) was observed. From the time-dependent in situ XANES spectra at 300°C (Fig. S5a) sion limitations and differences in surface defects [25] . However, a simple consecutive two-step reduction mechanism of Co 3 O 4 (i.e., 1. Co 3 O 4 ? CoO; 2. CoO ? Co) has been more frequently discussed in the literature [24, 26] . In contrast, our in situ study rather points to the simultaneous presence of Co 3 O 4 , CoO, and Co under H 2 reduction conditions, in agreement with Garces and Potoczna-Petru [23, 25] .
According to in situ XAS, the bulk of Co 3 O 4 remains intact up to 200°C. Nevertheless, the surface of Co 3 O 4 may already be partially reduced at 200°C in H 2 and may already exhibit oxygen vacancies or defects (as indicated by the H 2 oxidation activity in Fig. 2 (II) ). To address this question and to examine surface changes of Co 3 O 4 , NAP-XPS H 2 -TPR was performed from RT to 300°C in 0.4 mbar H 2 . The Co 2p spectra are presented in Fig. 3d for a kinetic energy of 200 eV, corresponding to an inelastic mean free path of 0.6 nm (i.e., probing mainly the two topmost layers). To quantitatively elucidate the extent of Co 3 O 4 reduction, the Co 2p region was fitted. The peak positions, full width at half maximum (FWHM), and constraints are presented in Table S1 . According to the literature [34] , the peak at 779.4 eV corresponds to Co 3+ , the peak at 780.0 eV to Co 2+ in CoO, and the signal at 782.4 eV to Co 2+ in Co(OH) 2 . For the fitting also the two shake-up satellites (surface and bulk plas- mons) of cobalt ions were included [35] Fig. 3a. 3.4. CO-temperature programmed reduction of Co 3 O 4 : in situ XAS and in situ NAP-XPS During PROX, based on previously suggested mechanisms, CO is assumed to react with surface lattice oxygen and to reduce the surface. For a better understanding of the resulting oxidation state we have thus examined the interaction of Co 3 O 4 with CO in a wide temperature range, performing CO-TPR in a continuous-flow fixed-bed reactor (Fig. 4a) . The CO 2 profile (Fig. 4a) shows a small broader peak around 245°C which is attributed to the reduction of Co 3 O 4 to CoO. Note that the low temperature peak is much more pronounced than that in H 2 -TPR (Fig. 3a) . The sharp peak at 286°C is assigned to the reduction of CoO to metallic Co, as previously reported in the literature [27] . The second peak exhibits a shoulder at higher temperature ($315°C), which could be explained by the potential presence of intermediate wurtzite CoO beside the rocksalt CoO being reduced at somewhat shifted temperatures or by Co 3 O 4 with different particles sizes. XRD, however, shows only the presence of the cubic CoO phase. Overall, the CO-TPR profile of Co 3 O 4 indicates a two-step reduction with (the expected) ratio of $1:3 between the intensities of the 1st and the 2nd peaks. Above 450°C, small amounts of CO 2 further evolve up to 650°C due to CO disproportionation (2CO ? CO 2 + C) or CO dissociation (CO ? C + O) on metallic Co [36] [37] [38] .
Interestingly, during CO-TPR, H 2 evolution (Fig. 4b ) was observed at 260°C and 300°C. It most likely originates from a surface reaction of CO with OH groups of the catalyst via a WGSR (2CO + 2OH ? 2CO 2 + H 2 ) [39] .
The amount of CO 2 evolved from WGSR was estimated to be 10% of the total CO 2 production (i.e., most of the CO 2 is due to the cobalt oxide reduction). For CeO 2 materials WGSR is well known to be one of the mechanisms of CO 2 production [40, 41] . The (nearly) parallel formation of CO 2 and H 2 suggests that the onset of reduction by CO creates active sites for the reaction of CO with surface OH groups. However, according to our reactivity data presented in Fig. 2 , in the presence of gaseous H 2 O WGSR only occurs above 350°C.
To monitor changes in oxidation state during CO interaction with Co 3 O 4 , in situ XAS (50 mbar CO in He) and in situ NAP-XPS (0.15 mbar CO) were performed. XANES spectra at the Co K edge, acquired during CO-TPR of Co 3 O 4 , are presented in Fig. 4c , while linear combination fitting results displayed in Fig. 4d . As expected, the reduction profile of Co 3 O 4 in CO atmosphere is different from that in H 2 atmosphere. No bulk reduction of Co 3 O 4 was observed up to 200°C; however, at 250°C nearly 40% of CoO was present, whereas at 250°C in H 2 the major phase was still Co 3 O 4 for bulk and surface. Further heating to 300°C in CO reduced Co 3 O 4 completely to CoO, but no metallic Co was formed, and no significant time dependent reduction was observed (Fig. S6 ). In contrast, in H 2 atmosphere at 300°C Co 3 O 4 , CoO, and Co were present. At 350°C in CO atmosphere CoO and metallic Co were present; whereas in H 2 Co was mainly metallic. Thus, XAS suggests that the reduction of Co 3 O 4 in CO atmosphere started at lower temperature and proceeded faster at 250°C but, in contrast to reduction in H 2 , it was rather a well-defined two-step reduction (with only one or two phases coexisting, but not three).
To investigate the re-oxidation of the catalyst after CO-TPR, O 2 -temperature-programmed oxidation was performed and the results are presented in Fig. S7 . From the XANES spectra it is seen that the oxidation of (metallic) cobalt starts above 200°C, and at 300°C the edge shifts to higher energy due to the oxidation of Co to CoO and Co 3 O 4 . At 400°C, the sample was fully (re)oxidized to Co 3 O 4 .
It is possible that CO undergoes dissociation (CO ? C + O) at higher temperatures and that the carbon deposited on the surface slows down reduction. Thus, the evolution of Co 2p and C 1s upon heating from RT to 300°C were also studied by NAP-XPS (CO 0.15 mbar) (Figs. 4 and 5 ). Contrary to Co 3 O 4 reduction in H 2 , partial reduction of Co 3 O 4 started already at RT and proceeded as the temperature increased (Fig. 4e) . The area fraction of the peak representative of Co 3+ decreased from 28% (RT in O 2 ) to 23% at 200°C, and an increase of the satellite peaks was observed. At 250°C, the surface was completely reduced to CoO, as observed by the strong increase of the satellite features and shift of the peak to 780.0 eV. Thus, NAP-XPS also indicates the intermediate formation of CoO, in good agreement with operando XAS data. At 300°C, the surface was partially reduced to metallic Co (peak at 778.1 eV), and, in addition, a small fraction of CoO was still present. In Fig. 5a the C 1s core level region is presented, acquired during exposure of Co 3 O 4 to CO from RT to 300°C. Three carbon species were detected, at 288.2 eV, 286.1 eV, and 284.7 eV. The peak at 288.2 eV can be attributed to carbonates/carboxylates [42] [43] [44] . We assign this peak to carbonates, as observed by Jansson et al. [45] by FTIR spectroscopy. The peak at 286.1 eV may be assigned to C-O (i.e., molecularly adsorbed CO on Co 3+ and/or Co 2+ ) or C-OH species [46, 47] . In a recent study of CO adsorption on Co 3 O 4 (111) thin films, Ferstl et al. reported formation of surface carbonate species (C 1s 288.5 eV) that form at defects of the film and are stable up to 127°C, whereas molecular adsorption of CO to Co 2+ was observed only at temperatures below À73°C [44] . In our case, elementary carbon (C 1s binding energy at 284.7 eV) was detected in addition to carbonates and C-O, C-OH, indicating that CO dissociates on Co 3 O 4 already at RT (CO ? C + O), depositing carbon at the surface. From the C 1s region (Fig. 5a , Table S3 ) it is clearly seen that the amount of elementary carbon increases at higher temperature, indicating progressive CO dissociation, while the carbonates decrease above 150°C and the C-O species rather increase.
Based on these results, we suggest that CO adsorbs on the Co 3 O 4 surface as a carbonate or molecularly, which both subsequently desorb as CO 2 , extracting part of the surface lattice oxygen from Co 3 O 4 . The oxygen vacancies, which are formed by lattice oxygen removal, may then serve as sites for O 2 adsorption/dissociation and the neighboring Co x+ sites serve for CO adsorption. Also CO dissociation likely occurs on oxygen vacancies. In any case, the two-step reduction of Co 3 O 4 is more pronounced under CO than under H 2 atmosphere, in agreement with in situ XAS experiments.
Thus, XAS, NAP-XPS, and MS analysis of Co 3 O 4 during CO-TPR proves three pathways: lattice oxygen removal by CO, surface water-gas shift reaction, and CO dissociation. On the contrary, interaction of H 2 with cobalt oxides proceeds via extraction of lattice oxygen from cobalt oxide only.
PROX on Co 3 O 4 : operando XAS and operando NAP-XPS
Based on the H 2 -and CO-TPR experiments, we are now able to understand the differences in Co 3 O 4 reduction in H 2 and CO atmospheres. Nevertheless, it is essential to determine the catalyst state in the PROX reaction mixture when both reducing gases (1 vol.% CO and 50 vol.% H 2 ) are simultaneously present and, in addition, there is an oxidative (1 vol.% O 2 ) gas. The oxidation state of Co 3 O 4 was thus studied during PROX employing (again) operando XAS, while the surface changes were studied by operando NAP-XPS. The reaction conditions and reaction environment for operando XAS were very similar to those of a continuous-flow fixed-bed reactor in the laboratory. The operando MS data are shown in Fig. 7 .
The operando Co K edge XANES spectra of Co 3 O 4 during heating from RT to 350°C in the PROX reaction mixture are displayed in Fig. 6a , and linear combination fitting results are shown in Fig. 6b . The analysis of XANES reveals that from RT to 250°C the phase of the catalyst did not change and that solely Co 3 O 4 was present. As shown by the catalytic experiments in the laboratory reactor in Fig. 2a , starting around 70°C CO oxidation took place and around 150-170°C water production set in. Interestingly, methane production started at 230°C and increased with temperature, even though the bulk structure of the catalyst was still Co 3 O 4 . However, the catalyst surface may have already exhibited defective/reduced structure (see below). Only at 300°C Co 3 O 4 was partially reduced to CoO (14%) and metallic Co (11%). At 300°C, CO and O 2 were fully consumed via hydrogenation and the excess H 2 reduced the catalyst, as in pure H 2 . Heating Co 3 O 4 in the PROX reaction mixture to 350°C induced further reduction of cobalt oxide to metallic Co (around 70%).
A comparison of operando XANES spectra during PROX with H 2 -TPR and CO-TPR spectra demonstrates that the reduction of Co 3 O 4 in the PROX reaction mixture sets in at least 50°C higher than those in H 2 /He or CO/He atmospheres. Reduction of cobalt oxide in H 2 /He started directly above 250°C, and at 300°C 60% of the catalyst was already metallic Co, whereas in CO/He atmosphere the reduction started at 250°C, but at 300°C CoO was the major single phase.
It seems apparent that the comparably lower reduction state of Co 3 O 4 in the PROX reaction mixture, in comparison with H 2 /He or CO/He atmospheres, is due to the reoxidation of the catalyst surface by gas phase oxygen. At lower temperature up to 170°C, CO reaction dominates over H 2 reaction, between 170 and 230°C H 2 reaction increases, and above 230°C the reactants CO and H 2 rather react with each other than to reduce the catalyst. At high temperature the gas phase oxygen, together with produced water and the oxygen supplied by CO dissociation, reoxidize the surface. Clearly, above 250°C the excess of hydrogen leads to increasing Co 3 O 4 reduction, as demonstrated by the O 2 -H 2 TPR (Fig. S4) According to operando XANES, it was evident that the (bulk) oxidation state of Co 3 O 4 did not change in the selective PROX temperature window, in which CO oxidation was the dominant reaction. However, it remains to be answered whether the surface of Co 3 O 4 was partially reduced during PROX, and if surface carbon was also present when O 2 was one of the reactants. Therefore, operando NAP-XPS was also performed during PROX. It should be mentioned that the ratio between CO, O 2 and H 2 was 1/1/12 due to the total pressure limitation (0.5 mbar) of NAP-XPS. Although the reaction conditions are somewhat different from those of a continuous-flow fixed-bed reactor and operando XAS, NAP-XPS may still help to gain further insights. The catalytic data obtained by mass spectrometry during NAP-XPS and XAS experiments are included for comparison in Fig. 7 .
The evolution of Co 2p and C 1s under PROX conditions was studied from RT to 300°C. Fig. 6c shows Co 2p spectra that clearly demonstrate the stability of the Co 3 O 4 phase up to 250°C. Even at 300°C no Co 3 O 4 reduction to CoO was detected during PROX. Thus, in contrast to H 2 -and CO-TPR, for which the surface of Co 3 O 4 started to reduce at lower temperature and for which a mixture of CoO and metallic Co was present at 300°C, Co 3 O 4 did not undergo surface reduction at 300°C (even after 30 min) when O 2 was present during PROX and available for surface re-oxidation. To confirm this, CO and O 2 were switched off from the PROX reaction mixture at 300°C and in H 2 Co 3 O 4 was rapidly reduced to CoO and Co (after 5 min the surface was mainly metallic) (Fig. 6e) . Thus, the presence of O 2 prevents reduction of the catalyst and its deactivation. The presence of a minor amount of reduced Co species observed at 300°C in the corresponding operando XAS experiments, which are not found in the XPS experiments at this temperature, can be attributed to a slightly shift higher of the reduction to higher temperatures due to the different characteristics of the NAP-XPS cell.
In the C 1s region (Fig. 5b , Table S4 ) the formation of carbonates, C-O species and elementary carbon were detected. The presence of O 2 apparently does not fully remove elementary carbon but lowers its concentration, as compared to that observed during CO-TPR. This is true especially above 150°C, when carbon oxidation takes place. For the CO-TPR experiment carbon increased continuously with increasing temperature. This confirms that elementary carbon originates from CO dissociation (and is clearly not an impurity). The carbonates and C-O species also decreased at higher temperature.
Correlation of oxidation state and catalytic performance in PROX
Because of differences in the design of the cells/reactors and the conditions applied (i.e., dead volumes, pressures, pellet in XPS vs sieve fraction of the catalyst used in the reactor and XAS cell, total flows, contact time between catalyst and reacting molecules), the temperature onset for the PROX reaction as well as for reduction in H 2 and CO differs for the NAP-XPS cell, the XAS cell, and the fixed-bed flow reactor in the laboratory. This particularly applies to NAP-XPS measurements, whereas conditions are much more similar for XAS and laboratory reactor experiments. Nevertheless, the trends observed for operando NAP-XPS, operando XAS and fixed bed flow reactor data are still in good agreement which allows us to correlate the oxidation state of cobalt and the catalytic performance in PROX.
Therefore, based on the operando information of the surface and bulk oxidation state of Co 3 O 4 we can now try to understand its temperature-dependent selectivity. Up to 250°C, both the surface and bulk remain fully oxidized, only above 250°C XANES indicates partial reduction of Co 3 O 4 to CoO (14%) and Co (11%). It is thus reasonable (and in agreement with previous knowledge) to conclude that this ''metallization" around 250°C switches the selectivity from PROX to CO hydrogenation to methane. NAP-XPS detected minor surface reduction at 300°C but this offset may be due to different flow conditions (and a smaller fraction of H 2 ). The amount of elementary C, C-O and carbonate species is rather low at 250°C and even lower at 300°C.
The situation is more complex below 250°C, for which both methods indicate a fully oxidized Co 3 O 4 surface and bulk, despite the change in selectivity around 170°C. According to the reactivity patterns in Fig. 2 , the decrease in CO 2 concentration and increase in CO concentration starting at 175°C is clearly due to competitive hydrogen oxidation, whereas RWGS can be excluded. A likely explanation for the increase in the competitive H 2 oxidation is that H 2 oxidation has been reported to have a larger apparent activation energy than CO oxidation (52 and 74 kJ/mol for CO oxidation and H 2 oxidation on Co 3 O 4 /CeO 2 , respectively) [15] , which explains the stronger increase of the H 2 oxidation rate with temperature as compared to the CO oxidation rate, even though the reaction onset temperature is very similar (Fig. 2 (I) and (II) ). Due to the competition of H 2 and CO for the limited amount of O 2 available under PROX conditions, the low concentration of CO at high conversions, the differences in activation energies and the fact that H 2 is present in large excess, the selectivity to CO 2 decreases as H 2 oxidation speeds up.
Another potential contribution to the decreasing CO oxidation selectivity could be the onset of CO desorption between 150 and 220°C, as indicated by the CO-TPD profile (Fig. S8) , providing more available sites for H 2 oxidation (assuming site blocking by adsorbed CO which could prevent the coadsorption of hydrogen). Thus, H 2 oxidation activity would increase in the 150-220°C temperature range, whereas CO oxidation selectivity decreases. This suggestion is also confirmed by the hydrogen oxidation temperature programmed experiment (Fig. 2(II) and S4) , in which the hydrogen oxidation on Co 3 O 4 catalysts started already at 90°C and increased rapidly to 135°C, whereas during PROX H 2 oxidation started only around 150°C. Interestingly, (in the absence of CO) H 2 oxidation takes place already above 90°C, despite measurable Co 3 O 4 reduction in H 2 started only around 250°C. Similar to PROX conditions, we suggest that the concentration of oxygen vacancies serving as O 2 activation sites is apparently too low to be detected by XPS and bulk-sensitive techniques like XAS.
Referring to the operando C 1s spectra, the amount of elementary C, C-O and carbonate species is increasing up to 150°C and decreasing above 150°C, indicating effective carbon oxidation.
With respect to the detailed reaction mechanism, the current steady-state experiments provide only limited information, however. We assume that during PROX CO adsorbs on Co 3 O 4 molecularly (linearly adsorbed to cobalt cations) and also as a carbonate. Both species eventually (have) extract(ed) lattice oxygen from the Co 3 O 4 surface, inducing vacancy formation. The vacancies that are formed then serve as sites for O 2 adsorption/dissociation and for reaction with another CO molecule adsorbed on the cobalt cation. However, despite this Mars-van-Krevelen mechanism the steady state concentration of oxygen vacancies is even below our NAP-XPS detection level so that the catalyst appears ''fully oxidized". Furthermore, CO adsorbed on a cobalt cation might undergo dissociation, thereby depositing elementary carbon and creating oxygen that either fills an oxygen vacancy or reacts with another CO molecule (CO disproportionation). Depending on temperature, elementary carbon may be re-oxidized to CO 2 .
Further details and, in particular, the contribution of the individual reaction paths can, however, not be exploited based on the current measurements. For example, we are currently unable to evaluate whether the observed carbonate species are intermediates to CO 2 formation or rather spectators. Studies involving isotopes and concentration modulation are planned for the near future.
PROX on CeO 2 -Co 3 O 4 : operando XAS, operando NAP-XPS
Previous studies have reported that modification of Co 3 O 4 with CeO 2 enhanced the activity for CO oxidation, preferential CO oxidation, hydrocarbon oxidation, and diesel soot oxidation [15, [48] [49] [50] [51] . However, the exact nature of the promotional role of CeO 2 , especially in PROX, is unknown and calls for operando XAS and NAP-XPS studies. We modified Co 3 O 4 by wet impregnation with an aqueous solution of Ce(NO 3 ) 3 . This resulted in homogeneously distributed CeO 2 particles on Co 3 O 4 (Figs. S2 and S3) and enhanced the catalytic activity for PROX (Fig. 8a) . Already at 150°C, CO oxidation reached its maximum and the temperature window for CO oxidation was widened by $25°C (i.e., methane production started at around 255°C).
The promotional effect is even more clear from the reaction rates and CO conversion data during catalytic PROX between 40 and 180°C, presented in Table 1 and Fig. 8b . The T 50% temperature (i.e., the temperature at which 50% CO conversion is reached) for Co 3 O 4 is 139°C, whereas for CeO 2 -Co 3 O 4 T 50% is 108°C. The T 90% temperature of Co 3 O 4 is 170°C, and for CeO 2 -Co 3 O 4 it is 142°C. This promotional effect ($30°C shift) is remarkable, because the onset temperature for (pure) CeO 2 prepared as a reference catalyst is $275°C (Fig. S9) .
TOF values were estimated assuming that Co . In this way we obtain the lowest (theoretical) limit of TOF values (TOF ll ) assuming all Co surface atoms are active. Fig. 8c shows the operando Co K edge XANES spectra of the CeO 2 -Co 3 O 4 catalyst during PROX, upon increasing the tempera- reported that Co did not change its electronic structure at 175°C in the active and selective PROX region [14] . A further increase of temperature led to the reduction of the catalyst, as evident from the shift of the absorption edge to lower energy (Fig. 8c) The Co and Ce surface changes and the evolution of adsorbates during PROX were also examined by operando NAP-XPS, with Co 2p for CeO 2 -Co 3 O 4 presented in Fig. 8e . Again, we compare the catalytic data obtained by mass spectrometry during NAP-XPS and XAS experiments in Fig. 9 . Similar to Co 3 O 4 , there are no significant changes of the Co 2p spectra. In the C 1s region, the formation of carbonates and elementary carbon was again detected and they also decreased above 150°C (Fig. 5c) . Interestingly, the concentration of elementary carbon with respect to carbonate and C-O, C-O-H species during PROX was higher on CeO 2 -Co 3 O 4 than on Co 3 O 4 (Tables S5). To monitor the Ce 4+ /Ce 3+ evolution, Ce 3d spectra were recorded for CeO 2 -Co 3 O 4 during PROX, and the representative spectra are presented in Fig. 8g . The signal of the Ce 3d level has a complex satellite structure reflecting hybridization between the Ce 4f and O 2p states. This results in two sets of spin-orbital multiplets u and v that are associated with 3d 3/2 and 3d 5/2 contributions, respectively [53, 54] . The peaks of v, v 00 and v 000 correspond to a mixing configuration of Ce(IV) (3d ), respectively [53, 54] . The same assignments are also valid for the u series of peaks. In case of our Ce 3d spectra, Ce(IV) has six peaks at binding energies of 916.5, 907.5, 900.9, 897.7, 889.3, and 882.4 eV; whereas Ce(III) peaks labeled v o , v 0 , u o , and u 0 are found to appear at binding energies ranging from 880.4 to 903.9 eV, in line with the literature [53, 54] . To reduce the error in the curve fitting procedure, constraints were applied.
The FWHM values together with the peak positions and constraints are listed in Table S6 . To estimate the (near) surface ratios of Ce(III) to the total amount of Ce species (i.e., Ce(III)/(Ce(III) + Ce(IV)) ratio), the relative areas under the fitted XPS peaks of the u 0 , v 0 , u 0 and v 0 0 with respect to the area of the entire Ce 3d region were used. It should be mentioned that reduction of Ce(IV) to Ce(III) may occur simply due to X-ray photons. Revoy et al. [55] reported reduction of the surface with monochromatic Al Ka (1486.7 eV) Xray radiation for CeO 2 . Therefore, in order to avoid beam-induced reduction, every Ce 3d spectrum was recorded from a new sample spot.
From the Ce(III)/(Ce(III) + Ce(IV)) ratios, the degree of CeO 2 reduction was determined for CeO 2 -Co 3 O 4 during PROX from RT to 200°C. The Ce(III) content of the freshly oxidized sample in O 2 was 23%. Upon heating in the PROX reaction mixture (1.5 ml/min O 2 + 1.5 ml/min CO + 17 ml/min, H 2 , 0.5 mbar) the Ce(IV) undergoes reduction to Ce(III), and Ce(III) concentrations are 28% at 100°C, 29% at 150°C, and 30% at 200°C. Selective oxidation of CO to CO 2 starts at 50°C and proceeds selectively up to about 125°C. The results indicate that the relative Ce(III) concentration remains relatively constant during PROX between 100 and 200°C.
How can the promotional effect be explained? Clearly, upon adding CeO 2 both Ce 3+ ions and (additional) oxygen vacancies are present. However, CeO 2 by itself, with reaction onset temperatures around 275°C, is much less active than Co 3 O 4 (Fig. S9) . We observed a similar trend in our previous study on CO oxidation [40, 51] 
Conclusions
We have shown that during PROX on Co 3 O 4 the catalyst appears fully oxidized (i.e., both the surface and bulk oxidation state do not change up to 250°C). However, as revealed by reference measurements in (pure) CO, CO reduces the catalyst (surface) starting around 100°C via reaction with lattice oxygen. However, the reoxidation by O 2 during PROX is fast enough to prevent overall reduction. Hence, despite this Mars-van-Krevelen mechanism the steady state concentration of oxygen vacancies is so low -even below our NAP-XPS detection level -that the catalyst appears ''fully oxidized".
In (pure) H 2 , surface and bulk reduction both start above 250°C. While the Co 3 O 4 reduction to CoO and Co around 250°C explains the selectivity change to methanation, the change in selectivity around 170°C from PROX (with predominantly CO oxidation) to both CO and H 2 oxidation cannot be explained by a change in (surface) oxidation state. Rather, upon increasing the temperature the difference in the increase of H 2 oxidation rate vs CO oxidation rate (higher apparent activation energy for H 2 oxidation), as well as the competition for the limited amount of O 2 , is responsible for the decreasing CO oxidation selectivity. During PROX, elementary carbon, C-O species and carbonates were observed on the catalyst surface, but it is currently unclear to which extent they contribute to the overall reaction.
Adding CeO 2 to Co 3 O 4 promoted the PROX activity despite that CeO 2 is much less active than Co 3 O 4 . This suggests that interfacial sites and/or Co-O-Ce ensembles account for the increased activity. Operando experiments did not detect differences to unpromoted Co 3 O 4 , apart from the presence of Ce
3+
. The current results encourage further dynamic studies of PROX over cobalt-based catalysts in order to reveal the exact reaction pathways.
